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Abstract

:

The aim of this study was to analyze the germination of Pinus brutia Ten. seeds, in the field, in relation to factors such as period of sowing, light environment, and watering, in sites of different productivity in the middle elevations in central Cyprus. Two sowing experiments were conducted in three sites of different productivity. In the first experiment P. brutia seed sowing took place in February 2009 in two sowing environments which were gap and under canopy environments. The shade conditions in those environments were determined using hemispherical photographs. Also, the influence of watering on the seed germination was checked. In the second experiment, which was established in the same areas as in the first experiment, the seed sowing took place in December 2009. However, in this case, no watering was applied during the germination period. Moreover, the survival of the seedlings from both sowing periods were monitored up to the end of 2010. During the period of monitoring, the influence of watering was checked. The germination rates of seeds from the February sowing were very low. On the contrary, from the December sowing, the germination rates of seeds were very high in both sowing environments in all studied sites. In the case of seedling survival from the February and December sowing, mortality rates were relatively high in all sites except from the under-canopy sowing environment where watering was applied in the medium productivity site. From the December sowing, from a practical point of view, the number of survived seedlings, in all the plots of the three sites can be considered adequate for the successful regeneration of P. brutia.
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1. Introduction


Pinus brutia Ten. is abundant throughout the Eastern Mediterranean area as it is a characteristic species of that region [1,2,3]. It is widespread in Cyprus, accounting 90% of the island total forest area, covering 175,000 ha [4,5,6]. The population of P. brutia in Cyprus is peripheral and is characterized with high genetic diversity, consisted of different sub-populations [7]. It is a tree of great economic and ecological importance for the country [5,6,8]. In Greece, it is one of the pine species that has been used in reforestations of peri-urban forests [9,10,11].



Pinus brutia is a light demanding, fast growing and site insensitive tree species that can grow in most soil types [3,12]. It is a well-adapted species to semi-arid conditions of the Mediterranean area [13]. The short juvenile phase of the species [14] justifies the fact that its flowering can begin in the second year and a normal cone development has been observed in 7-year-old trees [15]. However, Boydak [12] based in an old bibliography states that a normal cone development has been observed even in 4-year-old trees. Pinus brutia is an obligate seeder, therefore the regeneration of this species is totally dependent upon seedling recruitment [16,17].



In many cases, the occurrence of P. brutia regeneration is not adequate, mainly due to the harsh environmental conditions of the growing season in Cyprus [18,19].



In lower and middle elevations of Cyprus, only in few cases, dense or rather dense young P. brutia formations established in open areas (in bare ground) are observed (personal observations). Petrou and Milios [19], in middle elevations of central Cyprus found that in open areas (bare ground) all the newly established seedlings had died by the end of the first growing season. On the other hand, they refer that nurse plants such as P. brutia trees and low shrubs facilitate the establishment and the survival of P. brutia seedlings. In that context, they recommend the use of facilitation process in the silvicultural treatments of P. brutia forests in Cyprus.



According to Thanos [20], P. brutia displays a variable attribute in seed germination regarding timing of seedling emergence depending on the altitude and latitude of the provenance. Generally, if the climatic conditions are suitable, the seeds of P. brutia germinate throughout the rainy season [16,21].



Facilitation in plant communities is related to creation of favorable micro-habitats by the benefactor plant(s) and thus a great research interest has emerged regarding determination of the specific facilitative processes [22,23,24,25]. However, in harsh environments where regeneration of the dominant species is problematic, research regarding practical measures for the preservation of the existent vegetation is necessary. In this effort, facilitation process can be used as a tool in the development of applied techniques that can be used for the amelioration of the harsh conditions that the newly establish plants confront (see [26]). These techniques can be incorporated in the forestry practice of regions that are or will be under the threat of ecosystem degradation as a result of climate change [26]. Cyprus is a such case, and particular P. brutia formations in the middle elevations of central Cyprus.



In various forest species, most studies of seed germination and of the factors that influence it, are conducted in controlled environment in laboratories and in nurseries [27]. The same has been observed in P. brutia studies since all the relevant studies were taken place in nurseries and in laboratories (e.g., [28,29,30,31]).



Based on the results of the aforementioned studies treatments for the best seedling production in nurseries are mainly proposed, while in some cases measures for a successful sowing in the field are recommended. On the contrary, in the present study, the germination of P. brutia seeds in the field was investigated.



The acquired information can be incorporated in the future treatments for the regeneration of harsh sites with P. brutia. The aim of this study was to analyze the germination of P. brutia seeds, in the field, in relation to factors such as period-season of sowing, light environment, and watering in sites of different productivity in the middle elevations in central Cyprus. The acquired knowledge can be the first step upon which silvicultural treatments can be based in order to successfully regenerate P. brutia formations using the facilitation process.




2. Materials and Methods


2.1. Study Site


The study was conducted in middle elevation (320–650 m a.s.l.) forest areas in central Cyprus (34° 53–34° 58 N, 33° 13–33° 21 E). According to the air temperature and rainfall data (for 1991–2000) obtained at the closest meteorological station (Kornos, 34° 55 N, 33° 24 E, 370 m a.s.l.), were both rainfall and temperature data are recorded, the annual rainfall is 477.1 mm and the mean yearly temperature is 18.4 °C. In Figure 1, the monthly rainfall data during the years 2009 and 2010 of the meteorological station of Lythrodontas forest station is presented. This meteorological station is located within the study area, very close to the experimental sites. The geological substrate of the study area belongs to volcanic sequence diabase dykes with pillow lava screens [32]. The soil texture is sandy loam to sandy clay loam, while the soil pH ranges from slightly acidic to slightly alkaline [33].



The study area in the past consisted mainly of vine and olive yards. Those fields were abandoned during the last century. Nowadays the area has been recolonized mainly by P. brutia trees which is the dominant species in the area. Under the P. brutia trees and in the interspaces, shrubs—such as Pistcia lentiscus, P. terebinthus, Cistus creticus, C. salvifolius, Thymus capitatus, Lavandula stoechas, Olea europaea, Callicodome villosa, etc.—are found.




2.2. Experimental Design


2.2.1. Site Selection


In the wider study area, Petrou [33] distinguished three categories of sites for P. brutia formations according their productivity: good productivity sites, medium productivity sites and bad productivity sites. The site characterization was based on soil depth [34,35,36,37,38] and on the height growth of dominant and codominant trees [39]. For the soil depth determination, soil profiles were used and for the height growth determination the mean annual increment (the ratio of the total height to the total age of the tree) [40] of dominant or codominant P. brutia trees was used. For the determination of the mean annual increment, cores from stump height were used [33]. According to Petrou [33] the soil depth in good productivity sites is over 100 cm, in medium productivity sites is approximately 40–80 cm and in bad productivity sites is approximately 15–30 cm.



In the frame of the present study, three sites were selected. One site was of good productivity called site A (34° 56 N, 33° 14 E, 575 m a.s.l. slope: 0–10%), one of medium productivity called site B (34° 55 N, 33° 20 E, 320 m a.s.l. slope: 0–10%) and one of bad productivity called site C (34° 57 N, 33° 17 E, 460 m a.s.l. slope: 0–20%). The canopy cover of these sites was below 75%. In each of the sites, in the formations of P. brutia there are rather dense groups of trees (which create shade beneath them) that alternate with small or medium size gaps. Each site occupies a continuous area of 5 ha, apart site A which is comprised by two areas (of 3 and 2 ha, respectively) since in good productivity sites there are not continuous areas of 5 ha with P. brutia formation having canopy cover that is below 75%. The soil depth in the wider area of each of the aforementioned sites was in agreement with the soil depth range of the site productivity category in which each site was classified. Moreover, based on the mean annual increment of dominant and codominant trees growing in the wider area of each one of the three sites (A, B, C) their classification to the site productivity categories was also verified by the site index curves created for central Cyprus by Kitikidou et al. [8].




2.2.2. Experiment Establishment—Germination Measurements


In February 2009, 144 permanent plots of 6 m2 (3 × 2 m), were established at random (48 plots in each site). The 72 plots were established randomly under the canopy of the groups of P. brutia trees (24 plots in each site) and the other 72 plots were established randomly in the canopy gaps with small or medium size (24 plots in each site). Within each plot the shrubs, the herbaceous plants and the dead biomass were removed. Additionally, all plots were protected from grazing by goats, with a fence 1.5 m high.



In order to determine the light environment of each plot, hemispherical photograph was taken at 1.5 m high from the center of each plot using a horizontally-leveled digital camera (Nikon Coolpix 900 digital camera having fisheye lens). All photographs were taken before sunrise or after sunset having a clear sky. The photos were analyzed using Hemiview canopy analysis software ver. 2.1 [41]. Visible sky (or canopy openness, or gap fraction) is the amount of the sky that is visible as a proportion of the entire hemisphere when it is observed from a single point [42]. Visible sky (Vs) is related to the light attain a point [42,43]. A value of 1 in Vs means that the whole sky is visible while when the Vs takes a value of 0 this means that the whole sky is blocked.



Each one of the plots was divided in two equal parts of 3 m2 (3 m2, 2 × 1.5 m). The treatments of the present study were applied in one of the parts of each plot. The second part of the plots was occupied by planted seedlings (unpublished data). At the end of February 2009, 36 seeds of P. brutia were sown (Late Sowing Period = LSP) at 0.5 cm depth in the soil with 15 cm distance between individual seeds in each plot. All the points of sowing were marked and numbered. In the half plots (12 under the canopy and 12 in the gaps, in each site) apart from the natural water supply (rain) supplemental water (15 L/3 m2) was added at the time of sowing and every fifteen days for two months. In the other half plots (12 under the canopy and 12 in the gaps, in each site), no water supplementation treatment was applied. During the germination of seeds in LSP (April–mid May 2009), in April 2009 the rainfall was 9.1 mm, while in May 2010 was 30.9 mm (Figure 1). At the middle of May 2009, when the seed germination was completed, the total number of germinated seeds was counted in each plot. Externally, germination was marked by the bursting of the testa and the extrusion of the plumule ([44]).



The above treatments were repeated (in the same plots) in December 2009 (Early Sowing Period = ESP). In particular, the same plots, as in the LSP experiment, were used and the same number of seeds, using the same distance between individual seeds, was sown (at 0.5 cm depth) in each plot. In this case, no water supplementation treatment was applied in the plots. The plots received only the natural water from the rainfalls. Therefore, in ESP, in each site, 24 plots were under the canopy of the groups of P. brutia trees and 24 plots were in the canopy gaps. During the germination of seeds in ESP (late February–March 2010) in February 2010 the rainfall was 98.7 mm, while in March 2010 was 0 mm (Figure 1). At the beginning of April 2010, when the seed germination was completed, the total number of germinated seeds was counted in each plot.



The seeds used in this experiment were obtained from the Cyprus Department of Forests and they had been collected randomly from the wider study area, which covers 14,000 ha and is located in middle elevation forest areas in central Cyprus. Throughout the experimentation period, seeds were stored in a refrigerator (3–5 °C) in darkness. Before the experiment, damaged, insect-infected, and empty seeds were discarded and eliminated.



During the two periods of seeds germination (LSP in April–mid May 2009, ESP in late February–March 2010) measurements of (maximum) surface soil temperature were taken, in all plots. Those measurements were carried out at the beginning, the middle and the end of above-mentioned periods. All measurements were taken at 0. 5 cm depth from 13:00–15:00 by a soil thermometer sensor with an accuracy of 0.1 °C.



The data collection scheme of the density of the germinated seeds, regarding the LSP treatment is considered to apply to the following experimental design: The plot of 2 × 1.5 m is considered as the experimental unit. The design includes two factors between the experimental units. In particular these factors are: (a) the “sowing environment” with two levels: gap (G) and under canopy (UC), and (b) the “water supplementation” with two levels, water supplementation-watering (W+) and no water supplementation (W-).




2.2.3. Surviving Measurements


In the plots where water supplementation was applied in the sowing that took place at the end of February 2009 the watering was continued (in the same quantity) every 15 days up to the end of October 2009 and it was repeated within the same interval from April 2010 up to the end of October 2010. Moreover, the established seedlings from both periods of seed germination (LSP in April–mid May 2009, ESP in late February–March 2010) were monitored until December 2010. Their density was recorded in each plot at the end of each month.



The data collection scheme of seedlings that were established in the ESP and survived up to December 2010 is considered to apply to the following experimental design: The plot of 2 × 1.5 m is considered as the experimental unit. The design includes two factors between the experimental units. In particular these factors are: (a) the “sowing environment” with two levels: gap (G) and under canopy (UC), and (b) the “water supplementation” with two levels, water supplementation-watering (W+) and no water supplementation (W-).





2.3. Statistical Analysis


The data of germinated seed density after the LSP and the data of seedlings that were established in the ESP and survived up to December 2010 were analyzed using the ANOVA method [45,46] in the frame of the general linear models (GLM). The comparisons were made using the Bonferroni Test [47,48]. The general linear model that corresponds our experimental design includes: (1) the main effects of the two factors “sowing position” and “water supplementation”, and (2) the interaction of the two factors.



In regard to the ESP treatment the comparisons of the germinated seeds densities between the two sowing environments (G-gap and UC-under canopy) were carried out using the t-test and the Mann–Whitney test. All statistical analyses were carried out for each site separately, using the SPSS 12.0 package [49].





3. Results


3.1. Visible Sky–Light Conditions


In all sites the highest value of Vs in the photographs that were taken in a plot that was established in the sowing environment “under the canopy” (UC) was lower than the lowest of Vs in the photographs that were taken in the plots that were established in the sowing environment “gap” (G) (Table 1).



In each site, the mean Vs value of photos that were taken in the plots, which were established under canopy, was about the same either in these plots where water supplementation was applied (UC and W+) and in those where no water supplementation was taken place (UC and W-). The same pattern was observed in the case of plots that were established in gap sowing environment. The mean Vs value in the plots where watering was taken place (G and W+) was about the same with that in plots where no water supplementation was applied (G and W-) (Table 1).




3.2. Experiment Establishment–Germination Measurements


The ANOVA analysis regarding the main effects and the interaction of the two factors, for the LSP (late sowing period) experiment in each site, presented the following: (1) for the site A (site of good productivity) (a) the factor “sowing environment” (F(1, 44) = 7.283, p = 0.010) has a statistically significant influence on the density of the germinated seeds, (b) the factor “water supplementation” (F(1, 44) = 0.773, p = 0.384), and (c) the interaction of “sowing environment” x “water supplementation” (F(1, 44) = 0.111, p = 0.740) have no statistically significant influence on the density of the germinated seeds. (2) For the site B (site of medium productivity) (a) the factor “sowing environment” (F(1, 44) = 10.196, p = 0.003) has a statistically significant influence on germinated seeds density, (b) the factor “water supplementation” (F(1, 44) = 0.839, p = 0.365), and (c) the interaction of “sowing environment” × “water supplementation” (F(1, 44) = 2.589, p = 0.115) have no statistically significant influence on the density of the germinated seeds. (3) for the site C (site of bad productivity) (a) the factor “sowing environment” (F(1, 44) = 4.382, p = 0.042) has a statistically significant influence on the density of the germinated seeds, (b) the factor “water supplementation” (F(1, 44) = 0.005, p = 0.943), and (c) the interaction of “sowing environment” × “water supplementation” (F(1, 44) = 0.130, p = 0.720) have no statistically significant influence on germinated seeds density. In the comparisons of the average (over the two levels of the factor “water supplementation”) of density of germinated seeds the UC (under canopy) environment has a higher (p < 0.05) germinated seed density than the G (gap) environment. This is consistent for the three sites (Table 2).



In sites A and C, in the ESP (Early Sowing Period) experiment, there is no difference in the density of germinated seeds between the two sowing environments, but in site B the UC environment exhibited higher density of germinated seeds compared to the G environment (Table 3).



In the LSP experiment, the percentage of germinated seeds ranged from 11.69% in site C to 18.92% in site B (total of all sites 14.97%) (Table 4), while in ESP (early sowing period) experiment the corresponding range is from 82.52% in site A to 91.15% in site C (total of all sites 87.65%) (Table 5).



During the germination period of the LSP experiment (April–middle of May), the mean soil temperature (0.5 cm depth) did not overcome the 21.33 °C in the under-canopy sowing environment, while in the gap environment the mean temperatures ranged from to 30.12 to 31.13 °C. (Table 6). On the other hand, during the germination period of the ESP experiment (end of February–March), the mean soil temperature did not overcome the 20.15 °C in the under-canopy sowing environment, while in the gap sowing environment the mean temperatures ranged from 22.77 to 23.91 °C (Table 7).




3.3. Surviving Measurements


In Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, the monthly seedling survival (number of living seedlings) of both sowing periods (LSP and ESP) in the plots of each combination of the two factor levels is presented for each site.



The ANOVA analysis regarding the main effects and the interaction of the two factors, for the ESP (early sowing period) experiment presented the following: (1) for the site A (a) the factor “water supplementation” (F(1, 44) = 9.053, p = 0.004) has a statistically significant influence on the density of the seedlings that survived up to December 2010, (b) the factor “sowing environment” (F(1, 44) = 2.233, p = 0.142) and (c) the interaction of “sowing environment” × “water supplementation” (F(1, 44) = 0.121, p = 0.730) have no statistically significant influence on the density of the seedlings that survived up to December 2010, (2) for the site B, (a) the factor “water supplementation” (F(1, 44) = 8.514, p = 0.006) and (b) the factor “sowing environment” (F(1, 44) = 29.418, p = 0.000) have a statistically significant influence on the density of the seedlings that survived up to December 2010, while (c) the interaction of “sowing environment” × “water supplementation” (F(1, 44) = 0,265, p = 0,609) has no statistically significant influence on the density of the seedlings that survived up to December 2010, (3) for the site C (a) the factor “water supplementation” (F(1, 44) = 13.780, p = 0.001) and (b) the factor “sowing environment” (F(1, 44) = 15.794, p = 0.000) have a statistically significant influence on the density of the seedlings that survived up to December 2010 and (c) the interaction of “sowing environment” × “water supplementation” (F(1, 44) = 2.205, p = 0.145) has no statistically significant influence on the density of the seedlings that survived up to December 2010.



In sites B and C, the UC environment exhibited higher (p < 0.05) density of survived seedlings compared to the G environment, but in site A there is no difference in the density of survived seedlings between the two sowing environments (Table 8). In all sites, W+ plots exhibited higher density of survived seedlings compared to the W- plots (Table 9).



On the contrary when sowing delayed as in the LSP case, the germination percentages were low and germination began in April and lasted till the middle of May.



The density of the seedlings that survived up to December 2010 ranged from 3.25 to 12.42 seedlings per plot in site A, while the corresponding values for sites B and C are 8.92 to 29.17 and 2.83 to 17.50 seedlings per plot respectively (Table 10).





4. Discussion


The germination percentages in the LSP (late sowing period) were very low in all sites (Table 4). On the contrary, in the ESP (early sowing period) the germination percentages were very high in each of the studied sites (Table 5). In both G and UC sowing environments of ESP, the percentages of the germinated seedlings were very high. The difference in the density of germinated seeds between the G and the UC sowing environments in site B (30.79 versus 33.50 germinated seeds per plot), from a practical point of view, is not so important.



It is obvious that the season—period of sowing of P. brutia seeds is very important for seed germination. In ESP a large germination rate was ensured. In that case, the seed germination began at the end of February and lasted up to the end of March. The results of the present study fully agree with what Eron [50] reported for Turkey. He claimed that the germination of P. brutia seeds starts in February at middle elevations (350–650 m a.s.l.). Moreover, he reported that the germination occurs in November, at lower elevations (250–300 m a.s.l.) and in April at higher elevations (700–800 m a.s.l). This heterogeneity in seed germination indicates different degrees of dormancy among seeds of the same or different populations [12]. This attribute can be explained as an adaptation for seedling survival where seed germination is delayed until well into rainy season when water availability is ensured [20].



In the wider study area of this research, the P. brutia seeds germinate naturally from late February to March (personal observations). No seeds’ germination has been observed during October–November. Maybe this happens due to the fact that the dry season, in the studied area, starts at May and lasts until the end of October [33].



Even though P. brutia exhibits a heterogeneity regarding the season of seed germination [12,20], generally the germination in the field takes place successfully during the rain period when the temperatures are also favorable [16,21]. In laboratory conditions, the most favorable temperature range for the germination of P. brutia seeds is between 15–20 °C [51,52,53]. However, the highest germination rates are reached at 20 °C [28,52,54,55].



Soil temperature was one of the factors that played an important role in seed germination in the present study too. The mean soil temperature in the plots that were established the in gap sowing environment (G) during the seed germination period of the LSP in all sites was over 30 °C (Table 6). This explains the low seed germination in that sowing environment, since the germination of P. brutia seeds is dramatically reduced in the temperature of 25 °C [28,52].



In all plots, the seeds were sowed in a depth of 0.5 cm. As a result, the moisture of the surface soil in the plots of the gap sowing environment where water supplementation was applied every 15 days (G and W+) evaporated in a short time, due to the relatively high temperatures. This seems to explain why the additional water did not have a positive effect on seed germination, as any adverse effects of high soil temperatures were not mitigated by the watering treatment. Soil moisture is a very important factor that greatly affects the seed germination [56]. If the soil moisture decreases significantly, then the germination of the seeds is either delayed or stopped completely, depending on the duration of the period when the seeds are undergoing this reduction [57]. Boydak et al. [29], who studied the effect of water stress on the germination of seeds of six P. brutia provenances in Turkey found that decreasing water potential also reduced seed germination, showing that water stress inhibits seed germination. The same results were found in a study by Sevik and Erturk [31], which studied the effect of water stress on the germination of seeds of 14 provenances of P. brutia in Turkey.



During the seed germination period of LSP in the plots that were established in the under canopy (UC) sowing environment, the mean soil temperature did not exceed 22 °C in any of the three sites (Table 6). It has also been shown that the ability to retain soil moisture under shrubs is greater than in bare soil [58,59]. Thus, these favorable soil temperatures, in combination with the satisfactory soil surface moisture, both on the surfaces where watering was applied and on those that received only rainwater, led to the germination of a larger number of seeds (p < 0.05) in UC compared to G sowing environment (Table 2). On the other hand, shading conditions under tree canopies lead to low germination rates of P. brutia seeds (see [20]). Thus, the late germination of seeds from the LSP and the fact that the period of favorable conditions was short, given that soil temperatures from mid-May onwards become a possible deterrent to the germination of seeds even under the crowns of trees, [19,33] did not allow a large percentage of seeds to germinate in UC sowing environment (as in the ESP).



The germination percentages of P. brutia seeds in ESP were very high in both G and UC sowing environments in the three sites (A, B, and C). On the one hand, the early December sowing (ESP) gave substantially longer time with favorable conditions (temperature–Table 7 and moisture) and thus led to high germination rates in both sowing environments. The water from the rainfall of winter months, especially of February 2010 (Figure 1) was stored in soil and probably provided the adequate moisture for seed germination, while evaporation probably was low during the ESP. On the other hand, the seeds that were planted in December experienced low winter temperatures, which is a factor that favors the germination of the seeds when the temperatures start to rise again at the end of winter and the beginning of spring. Skordilis and Thanos [28] report that the seeds of some P. brutia provenances are dormant (see also [20]) and thus their germination is favored by the low winter temperatures, which lead to the breakage of dormancy. As soon as the temperatures become favorable (early spring), there is a strong germination of the seeds of P. brutia. In addition, Escudero et al. [60], who studied the germination of seeds for seven pine species in Spain, found that low temperatures favored the germination of seeds of four pines species—namely, P. halepensis, P. pinaster, and P. pinea—which are low-altitude pines widely distributed in the Mediterranean Basin and P. canariensis which is endemic to Canary Islands. Thus, the above researchers hypothesized that the low temperatures prevailing during the rainy period of winter will favor the germination of seeds in the field of most of the above species.



As mentioned above, in ESP, the germination percentages of P. brutia seeds were high even under shade in UC sowing environment (see Vs values in the UC sowing environment in Table 1). This contradicts what Thanos and Skordilis [52] and Thanos [20] state that in shady conditions created under the canopy of trees, the germination of P. brutia seeds is greatly inhibited. The above researchers came to this conclusion, after a study in the laboratory under controlled conditions, which simulated the conditions (far-red light) that prevail under the canopy of trees. This, may show a different response to light conditions to seed germination between the different provenances of P. brutia. Probably, the coexistence of all the other favorable conditions mentioned above during the germination of seeds from the December sowing (ESP) outweighed any negative effects that shading can cause and thus the germination rate of the seeds was high, even in the UC sowing environment. Similar results have been found for P. pinea, which is also a light demanding species, where the germination of its seeds was not affected by light conditions, since their germination rates were high, even in conditions of intense shading [61,62].



In the case of P. brutia, seedlings survival from the February (LSP) and December (ESP) sowing, mortality rates were relatively high in A, B, and C sites, even in “UC and W+” and “G and W+” plots (except from the “UC and W+” site B in ESP), where water supplementation took place. However, the conditions existing in these plots favored the survival of a larger number of seedlings compared to the plots where no water supplementation took place (Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7). From the December sowing, from a practical point of view, the number of survived seedlings, in the plots of each combination of the two factor levels, in the three sites can be considered adequate for the successful regeneration of P. brutia. In almost all cases, the mean density of the survived seedlings was over one seedling per m2 (three seedlings per plot) and only in G sowing environment with no water supplementation in site C, the mean density of the survived seedlings was 2.83 per plot, marginally lower than one seedling per m2 (Table 10).



However, the majority of seedlings from the February sowing (LSP) that had finally died, died during the first growing season (Figure 2, Figure 3 and Figure 4). In addition, the majority of seedlings from the December sowing (ESP) that finally died, had died during the period of March–October, while in the following months, until the end of December of the same year, no additional plant deaths were observed (Figure 5, Figure 6 and Figure 7). These results are in line with the results of several studies that have studied the survival of seedlings of different species and found that the highest mortality rates are observed during the first growing season [19,63,64].



In Mediterranean ecosystems, the lack of water during the summer period is the most important limiting factor, which leads to a reduction in plant survival during the regeneration establishment [64,65,66].



In the present study, the additional water from the water supplementation treatment was the most important factor that led to the survival of a larger number of seedlings that were established in the December sowing. On the other hand, the lack of water during the dry season was the most important factor that led to the reduction of the survival of seedlings.



The factor “water supplementation” had a statistically significant effect (p < 0.05) on the density of seedlings that survived from the December sowing in each of the three sites A, B and C, about one year after germination. In each site the mean seedling density in the plots in which additional water supplementation took place was higher (p < 0.05) compared to that of the plots without additional watering (Table 9).



Extreme temperatures, severe drought in summer, and light conditions (radiation) are very important factors, which greatly affect both the establishment and the survival of plants in Mediterranean ecosystems [67]. The above conditions change in space, depending on the environments that exist in an area, thus leading to different relations of competition and facilitation between plants [68,69,70]. The importance of positive effects between plants varies not only in space but also in time, either due to fluctuations in environmental conditions [71,72,73] or due to the stage of development (e.g., seedling, sapling, mature plant, etc.) of a plant [74,75,76].



The “sowing environment” had a very important role in the survival of seedlings from the December sowing (ESP), significantly affecting their density, mainly in the sites B and C. In these sites the UC sowing environment exhibited higher (p < 0.05) density of seedlings than the G sowing environment (Table 8). An interesting point is that in both sites (B, C) in the plots that were established under the canopy of pines and did not receive any water supplement (UC and W- plots) survived arithmetically more seedlings than in the plots of the gap that received water supplementation (G, W+ plots) (Table 10). Seedlings are one of the most vulnerable stages in the life cycle of many plants, as, due to their small size, they cannot cope with many of the adverse environmental conditions [77,78]. The relatively low surface soil temperatures that prevail during the growing season in the UC sowing environment in sites B and C [19,33] favored the survival of a larger number of seedlings in this environment. On the contrary, in the G sowing environment, during the growing season, extreme surface soil temperatures prevail [19,33]. This resulted in the mortality of a larger number of seedlings in the G sowing environment [19,34].



In particular, in the summer of 2009, in the three sites (A, B, and C) according to Petrou [33] in the UC sowing environments the maximum mean soil temperature (in the depth of 0.5 cm) was 40.6 °C. The maximum measured soil temperature was 43.9 °C. For the same period, the maximum mean soil temperature in the G sowing environments, in the three sites, was over 54 °C, while in sites B and C was over 60 °C. The maximum measured soil temperature was 66.4 °C both in sites B and C [33].



In contrast, in site A, the factor “sowing environment” did not have a significant effect (p > 0.05) on the density of seedlings that survived from the ESP and thus there is no difference (p > 0.05) in the density of the survived seedlings between the UC and G sowing environments (Table 8). However, numerically, the G sowing environment had a higher density of seedlings than the UC sowing environment, in contrast to what was observed in sites B and C. The fact that soil temperatures during the growing season in the UC sowing environment are more favorable than the G sowing environment, also in the site A as in the other sites [19,33], did not favor the greater survival of seedlings in the sowing environment UC. The main factor that led to this was obviously the low values of Vs prevailing in the UC sowing environment.



In the UC growing environment of site A the Vs values were up to 0.184, while in the G sowing environment the Vs values ranged from 0.281 to 0.333. It seems that the values of Vs in the UC were not favorable for the survival of P. brutia seedlings.



Holmgren et al. [79] report that the positive effects of shading on plant survival in drought conditions are more likely to occur in intermediate shading conditions, while in intense shading conditions these positive effects may be lost. They also add that the loss of these positive effects in intense shading and drought conditions under the canopy is more likely to be observed in light demanding species that are drought tolerant than in shade-tolerant species. In experiments in the greenhouse under controlled conditions, it has been shown that in conditions with limited light and water, photosynthesis is directly reduced, thus reducing the carbon dioxide uptake by plants, while negatively affecting their osmotic adjustment, as well as their ability to absorb water [80]. Awada et al. [81] found that the rate of photosynthesis of two-year-old seedlings of P. brutia in shade conditions (25% of full light) was 50% lower than the rate of photosynthesis of seedlings in full light.



In site A (where the Vs values in UC sowing environment were up to 0.184) the UC and W+ plots exhibited arithmetically much higher density of survived seedlings compared to the UC and W- plots. This implies that water supplementation greatly mitigated the competition of mature pines imposed in the established seedlings, thus reducing the negative effects of shading on the survival seedlings in site A.




5. Conclusions


The role of the sowing season in the successful germination of seeds in the field was very important. The germination rates of P. brutia seeds from the February sowing (LSP) were very low, while on the contrary from the December sowing (ESP) they were very high. The early sowing in December gave substantially longer time with favorable conditions (temperature and humidity) to the seeds. Regarding the December sowing, the germination rates of P. brutia seeds were very high both in the UC sowing environment and in the G sowing environment in all studies sites.



Most of the seedlings from the February and December sowing which had finally died, died during the first growing season. The lack of water during the dry season was the most important factor that led to the reduction of the survival of seedlings.



From the December sowing, from a practical point of view, the number of seedlings that survived in the plots of each combination of the two factor levels, in the three sites can be considered adequate for the successful regeneration of P. brutia.



Facilitation is one of the main factors that determines the successful establishment and survival of P. brutia seedlings in middle elevations of central Cyprus.



In the middle elevations of central Cyprus and in analogous ecological environments sowing of P. brutia, seeds can be an option for the artificial regeneration of the species stands. The sowing has to be applied during December under rather open canopy. In particular the Vs values have to be well over 0.19 up to 0.30. Also, watering has to be applied at least for the first two years after seeding in order an adequate survival percentage of seedlings to be achieved. In a few years after seed sowing, cuttings have to be done in order to supply seedlings with more light which is essential for the growth of a light demanding species.



Moreover, in the middle elevation of central Cyprus and in analogous ecological environments, for natural regeneration process of P. brutia stands using the shelterwood silvicultural system, the seeding cutting has to open the canopy at such levels where the Vs values are well over 0.19 (up to 0.30) in order for the light conditions not to prohibit seed germination.
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Figure 1. Monthly rainfall data from January 2009 to December 2010 obtained from the meteorological station of the Lythrodontas Forest Station. 
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Figure 2. Monthly seedling survival (number of living seedlings) of the February sowing (LSP) in the plots of each combination of the two factor levels in site A for the period May 2009–December 2010 (the May 2009 record shows the number of germinated seeds). 
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Figure 3. Monthly seedling survival (number of living seedlings) of the February sowing (LSP) in the plots of each combination of the two factor levels in site B for the period May 2009–December 2010 (the May 2009 record shows the number of germinated seeds). 
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Figure 4. Monthly seedling survival (number of living seedlings) of the February sowing (LSP) in the plots of each combination of the two factor levels in site C for the period May 2009–December 2010 (the May 2009 record shows the number of germinated seeds). 
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Figure 5. Monthly seedling survival (number of living seedlings) of the December sowing (ESP) in the plots of each combination of the two factor levels in site A for the period March 2010–December 2010 (the March 2010 record shows the number of germinated seeds). 
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Figure 6. Monthly seedling survival (number of living seedlings) of the December sowing (ESP) in the plots of each combination of the two factor levels in site B for the period March 2010–December 2010 (the March 2010 record shows the number of germinated seeds). 
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Figure 7. Monthly seedling survival (number of living seedlings) of the December sowing (ESP) in the plots of each combination of the two factor levels in site C for the period March 2010–December 2010 (the March 2010 record shows the number of germinated seeds). 
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Table 1. Visible sky values in the plots of each of the two factor (sowing environment and water supplementation) level combinations in each of the three sites.
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Site

	
Combinations of the Two Factor Levels

	
Visible Sky (Vs)




	
Mean

	
SD

	
Min

	
Max

	
n






	
A

	
UC and W-

	
0.167

	
0.006

	
0.156

	
0.176

	
12




	
G and W-

	
0.304

	
0.013

	
0.281

	
0.333

	
12




	
UC and W+

	
0.175

	
0.010

	
0.157

	
0.184

	
12




	
G and W+

	
0.312

	
0.013

	
0.293

	
0.333

	
12




	
B

	
UC and W-

	
0.278

	
0.019

	
0.236

	
0.298

	
12




	
G and W-

	
0.434

	
0.018

	
0.408

	
0.463

	
12




	
UC and W+

	
0.275

	
0.017

	
0.243

	
0.298

	
12




	
G and W+

	
0.423

	
0.022

	
0.404

	
0.466

	
12




	
C

	
UC and W-

	
0.221

	
0.014

	
0.208

	
0.252

	
12




	
G and W-

	
0.525

	
0.018

	
0.499

	
0.550

	
12




	
UC and W+

	
0.229

	
0.020

	
0.202

	
0.255

	
12




	
G and W+

	
0.531

	
0.024

	
0.499

	
0.562

	
12








n = number of photos.
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Table 2. Mean density of P. brutia germinated seeds in the late sowing period (LSP–February) in the plots that were established in the under canopy and in gap sowing environments (averaged over the two levels of the factor ‘water supplementation’) in each of the three sites (‘sowing environment’ main effect).






Table 2. Mean density of P. brutia germinated seeds in the late sowing period (LSP–February) in the plots that were established in the under canopy and in gap sowing environments (averaged over the two levels of the factor ‘water supplementation’) in each of the three sites (‘sowing environment’ main effect).





	
Site

	
Sowing Environment

	
Density of P. brutia Germinated Seeds (n/plot)




	
Mean

	
SD

	
n






	
A

	
Under canopy (UC)

	
7.00 a

	
5.150

	
24




	
Gap (G)

	
3.29 b

	
4.206

	
24




	
B

	
Under canopy (UC)

	
9.50 a

	
5.853

	
24




	
Gap (G)

	
4.13 b

	
5.988

	
24




	
C

	
Under canopy (UC)

	
5.42 a

	
4.481

	
24




	
Gap (G)

	
3.00 b

	
3.257

	
24








In each site means are statistically significant different, at p < 0.05 when they share no common letter. The comparison was made using the Bonferroni test. SD = standard deviation, n = number of plots.
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Table 3. Mean density of P. brutia germinated seeds in the early sowing period (ESP–December) in the plots that were established in the under canopy and in gap sowing environments in each of the three sites.






Table 3. Mean density of P. brutia germinated seeds in the early sowing period (ESP–December) in the plots that were established in the under canopy and in gap sowing environments in each of the three sites.





	
Site

	
Sowing Environment

	
Density of P. brutia Germinated Seeds (n/plot)




	
Mean

	
SD

	
n






	
A

	
Under canopy (UC)

	
28.21 a

	
7.301

	
24




	
Gap (G)

	
31.21 a

	
4.021

	
24




	
B

	
Under canopy (UC)

	
33.50 a

	
5.158

	
24




	
Gap (G)

	
30.79 b

	
5.524

	
24




	
C

	
Under canopy (UC)

	
33.29 a

	
3.210

	
24




	
Gap (G)

	
32.33 a

	
5.427

	
24








In each site means are statistically significant different, at p < 0.05 when they share no common letter. The comparison was made using the t-test and the Mann–Whitney test. SD = standard deviation, n = number of plots.
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Table 4. Seed germination percentages from the late sowing period (LSP–February).






Table 4. Seed germination percentages from the late sowing period (LSP–February).





	
Site

	
Sowing Environment

	
Seed Germination Percentage (%)






	
A

	
Under canopy (UC)

	
19.44

	
14.29

	
14.97




	
Gap (G)

	
9.14




	
B

	
Under canopy (UC)

	
26.39

	
18.92




	
Gap (G)

	
11.46




	
C

	
Under canopy (UC)

	
15.05

	
11.69




	
Gap (G)

	
8.33
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Table 5. Seed germination percentages from the early sowing period (ESP–December).






Table 5. Seed germination percentages from the early sowing period (ESP–December).





	
Site

	
Sowing Environment

	
Seed Germination Percentage (%)






	
A

	
Under canopy (UC)

	
78.36

	
82.52

	
87.65




	
Gap (G)

	
86.69




	
B

	
Under canopy (UC)

	
93.06

	
89.29




	
Gap (G)

	
85.53




	
C

	
Under canopy (UC)

	
92.48

	
91.15




	
Gap (G)

	
89.81
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Table 6. Soil temperature values for the period when the seed germination of LSP (April–middle of May 2009) took place in the plots of each combination of the two factor levels in each of the three sites.






Table 6. Soil temperature values for the period when the seed germination of LSP (April–middle of May 2009) took place in the plots of each combination of the two factor levels in each of the three sites.





	
Site

	
Combinations of the Two Factor Levels

	
Soil Temperature (°C)




	
Mean

	
SD

	
Min

	
Max

	
n






	
A

	
UC and W-

	
20.47

	
1.091

	
18.6

	
22.7

	
36




	
G and W-

	
30.48

	
1.843

	
27.1

	
33.6

	
36




	
UC and W+

	
20.35

	
1.040

	
18.2

	
22.0

	
36




	
G and W+

	
30.12

	
1.584

	
27.1

	
32.8

	
36




	
B

	
UC and W-

	
21.14

	
1.476

	
18.1

	
23.7

	
36




	
G and W-

	
30.27

	
1.364

	
27.5

	
32.7

	
36




	
UC and W+

	
21.11

	
1.120

	
18.9

	
22.6

	
36




	
G and W+

	
30.52

	
0.996

	
28.9

	
32.7

	
36




	
C

	
UC and W-

	
21.08

	
1.464

	
18.9

	
23.9

	
36




	
G and W-

	
30.92

	
1.422

	
28.2

	
33.3

	
36




	
UC and W+

	
21.33

	
1.729

	
18.2

	
24.2

	
36




	
G and W+

	
31.13

	
1.267

	
28.5

	
33.2

	
36








SD = Standard deviation, n = number of temperature measurements (three measurements for each plot × 12 plots = 36), UC and W- = under canopy without water supplementation, UC and W+ = under canopy with water supplementation, G and W- = gap without water supplementation, G and W+ = gap with water supplementation.
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Table 7. Soil temperature values for the period when the seed germination of ESP (end of February–March 2010) took place in the plots of each sowing environment in each of the three sites.






Table 7. Soil temperature values for the period when the seed germination of ESP (end of February–March 2010) took place in the plots of each sowing environment in each of the three sites.





	
Site

	
Sowing Environment

	
Soil Temperature (°C)




	
Mean

	
SD

	
Min

	
Max

	
n






	
A

	
Under canopy (UC)

	
18.70

	
0.948

	
17.0

	
21.0

	
72




	
Gap (G)

	
22.77

	
1.683

	
14.2

	
25.8

	
72




	
B

	
Under canopy (UC)

	
20.15

	
0.819

	
18.6

	
23.1

	
72




	
Gap (G)

	
23.91

	
1.368

	
21.8

	
26.8

	
72




	
C

	
Under canopy (UC)

	
20.05

	
0.855

	
18.0

	
22.0

	
72




	
Gap (G)

	
23.43

	
1.001

	
21.7

	
25.9

	
72








SD = Standard deviation, n = number of temperature measurements (three measurements for each plot × 24 plots = 72).













[image: Table] 





Table 8. Mean density of P. brutia seedlings which survived from the ESP (December 2009) in the plots which were established in the under canopy and in the gap sowing environment (averaged over the two levels of the factor ‘water supplementation’) in each of the three sites (‘sowing environment’ main effect).






Table 8. Mean density of P. brutia seedlings which survived from the ESP (December 2009) in the plots which were established in the under canopy and in the gap sowing environment (averaged over the two levels of the factor ‘water supplementation’) in each of the three sites (‘sowing environment’ main effect).





	
Site

	
Sowing Environment

	
Seedling Density from the ESP

(n/plot)




	
Mean

	
SD

	
n






	
A

	
Under canopy (UC)

	
6.67 a

	
6.722

	
24




	
Gap (G)

	
9.71 a

	
8.353

	
24




	
B

	
Under canopy (UC)

	
26.25 a

	
8.007

	
24




	
Gap (G)

	
13.08 b

	
9.908

	
24




	
C

	
Under canopy (UC)

	
12.54 a

	
9.036

	
24




	
Gap (G)

	
4.96 b

	
5.684

	
24








In each site, means are statistically significant different, at p < 0.05 when they share no common letter. The comparison was made using the Bonferroni test. SD = standard deviation; n = number of plots.
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Table 9. Mean density of P. brutia seedlings which survived from the ESP (December 2009) in the plots in which water supplementation was applied and, in the plots, where no watering took place (averaged over the two levels of the factor ‘sowing environment’) in each of the three sites (‘water supplementation’ main effect).






Table 9. Mean density of P. brutia seedlings which survived from the ESP (December 2009) in the plots in which water supplementation was applied and, in the plots, where no watering took place (averaged over the two levels of the factor ‘sowing environment’) in each of the three sites (‘water supplementation’ main effect).





	
Site

	
Water Supplementation

	
Seedling Density from the ESP

(n/plot)




	
Mean

	
SD

	
n






	
A

	
Water supplementation (W+)

	
11.25 a

	
8.211

	
24




	
No water supplementation (W-)

	
5.13 b

	
5.728

	
24




	
B

	
Water supplementation (W+)

	
23.21 a

	
10.742

	
24




	
No water supplementation (W-)

	
16.13 b

	
10.543

	
24




	
C

	
Water supplementation (W+)

	
12.29 a

	
5.831

	
24




	
No water supplementation (W-)

	
5.21 b

	
5.831

	
24








In each site, means are statistically significant different, at p < 0.05 when they share no common letter. The comparison was made using the Bonferroni test. SD = standard deviation; n = number of plots.
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Table 10. Mean density of P. brutia seedlings which survived from the ESP (December 2009) in the plots of each of the combinations of the two factor levels in each of the three sites.






Table 10. Mean density of P. brutia seedlings which survived from the ESP (December 2009) in the plots of each of the combinations of the two factor levels in each of the three sites.





	
Site

	
Combinations of the Two Factor Levels

	
Seedling Density from the ESP (n/plot)




	
Mean

	
SD

	
n






	
A

	
UC and W-

	
3.25

	
3.108

	
12




	
G and W-

	
7.00

	
7.160

	
12




	
UC and W+

	
10.08

	
7.704

	
12




	
G and W+

	
12.42

	
8.867

	
12




	
B

	
UC and W-

	
23.33

	
6.665

	
12




	
G and W-

	
8.92

	
8.639

	
12




	
UC and W+

	
29.17

	
8.420

	
12




	
G and W+

	
17.25

	
9.631

	
12




	
C

	
UC and W-

	
7.58

	
6.171

	
12




	
G and W-

	
2.83

	
4.549

	
12




	
UC and W+

	
17.50

	
8.888

	
12




	
G and W+

	
7.08

	
6.082

	
12








SD = Standard deviation; n = number of plots; UC and W- = under canopy without water supplementation; UC and W+ = under canopy with water supplementation; G and W- = gap without water supplementation; G and W+ = gap with water supplementation.
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